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CHEMICAL FRACTIONATIONS I N  METEORITES* 

Edward Anders 

For many y e a r s  c h o n d r i t e s  have been a c c e p t e d  as a v e r a g e  

samples  o f  n o n - v o l a t i l e  p l a n e t a r y  matter, and have s e r v e d  as t h e  

basis of  t h e  cosmic abundance curve .  T h e r e  are  t w o  r e a s o n s  f o r  

t h i s  a c c e p t a n c e :  t h e  abundances i n  c h o n d r i t e s  resemble t h o s e  

i n  t h e  s u n ,  and t h e y  s e e m  t o  be a smooth f u n c t i o n  of mass number. 

But t h e  l a t t e r  r u l e  had its e x c e p t i o n s  from t h e  v e r y  beg inn ing .  

I n  1947, when S u e s s  (1 )  a t t e m p t e d  t o  c o n s t r u c t  a semi -empi r i ca l  

cosmic abundance c u r v e  on t h e  basis of Go ldschmid t ' s  (2 )  mete- 

o r i t i c  d a t a ,  he no ted  t h a t  c e r t a i n  e l e m e n t s  (Se,  T e ,  G a ,  I n ,  

T1, Zn, C d ,  H g ,  and Re) were underabundant  r e l a t i v e  t o  t h e i r  

ne ighbours .  S i n c e  most of  t h e s e  e l emen t s  were congene r s  i n  t h e  

P e r i o d i c  T a b l e ,  he s u g g e s t e d  t h a t  chemica l  f ac to r s  were r e s p o n s i -  

b l e  f o r  t h e i r  d e p l e t i o n .  Subsequent work showed some of  these 

measurements (Ga, Re) t o  be e r r o n e o u s ,  and f o r  a w h i l e  i t  w a s  

b e l i e v e d  t h a t  a l l  s u c h  d i s c r e p a n c i e s  would e v e n t u a l l y  d i s a p p e a r .  

* T h i s  p a p e r  w i l l  be p u b l i s h e d  i n  Russ ian  t r a n s l a t i o n  i n  t h e  

j o u r n a l  M e t e o r i t i k a .  As ide  from t h i s  p r e p r i n t ,  no E n g l i s h  v e r s i o n  

of t h i s  p a p e r  w i l l  be a v a i l a b l e .  I t  is a n  a b r i d g e d  v e r s i o n  of  a 

t a l k  g i v e n  a t  t h e  1 1 t h  M e t e o r i t e  Conference of  t h e  Academy of 

S c i e n c e s  of t h e  USSR, Moscow, May 26-30, 1964. A s  d e l i v e r e d ,  t h e  

t a l k  i n c l u d e d  a d i s c u s s i o n  of m e t e o r i t e  a g e s  as w e l l  as f u r t h e r  

d e t a i l s  on chemical f r a c t i o n a t i o n s .  For  a more comple te  t r e a t m e n t  

of t h e s e  t o p i c s ,  see t h e  a u t h o r ' s  rev iew i n  Space  S c i e n c e  Reviews, 

1964.  
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But t h i s  was n o t  so. P r e c i s i o n  measurements 

t i o n  a n a l y s i s  have t ended  t o  conf i rm or even 

c r e p a n c i e s ,  and have l e d  t o  t h e  d i s c o v e r y  of  

by n e u t r o n  a c t i v a -  

e n l a r g e  these d i s -  

s t i l l  others.  

Moreover, Reed e t  a1 (3) made a n  impor tan t  o b s e r v a t i o n :  e l e m e n t s  

which are d e p l e t e d  by f a c t o r s  of  10-1000 i n  o r d i n a r y  c h o n d r i t e s  

( e . g .  Hg, T1,  Pb, and S i ) ,  o f t e n  occur  i n  n e a r l y  t h e i r  p r e d i c t e d ,  

"cosmic" abundances i n  carbonaceous  and e n s t a t i t e  c h o n d r i t e s .  

But even w i t h i n  these two classes t h e  abundances scattered con- 

s i d e r a b l y .  

I t  seems t h a t  s u f f i c i e n t  data have accumulated by now f o r  

some t r e n d s  t o  be r e c o g n i z e d .  L e t  u s  beg in  by c o n s i d e r i n g  t h e  

ca rbonaceous  c h o n d r i t e s  ( F i g u r e  1 ) .  We have i n c l u d e d  i n  t h i s  

g raph  o n l y  t h o s e  e l e m e n t s  whose abundances are known or s u s p e c t e d  

t o  be v a r i a b l e .  I n s o f a r  as p o s s i b l e ,  t h e  e l e m e n t s  have been 

grouped a c c o r d i n g  t o  the i r  chemical p r o p e r t i e s .  To r e d u c e  t h e  

data  t o  a common bas is ,  t h e y  have been c o n v e r t e d  t o  " d e p l e t i o n  

f a c t o r s ? ' ,  d e f i n e d  as t h e  r a t i o  of cosmic t o  obse rved  abundance. 

T h i s  n o t a t i o n  p e r h a p s  l o o k s  a l i t t l e  awkward a t  f irst ,  b u t  i t  

has t h e  advan tage  t h a t  a l a r g e  d e p l e t i o n  c o r r e s p o n d s  t o  a l a r g e  

d e p l e t i o n  factor .  The cosmic abundances were t a k e n  from Cameron's 

t ab l e  ( 4 ) ,  which  r e l i e s  ra ther  e x t e n s i v e l y  on carbonaceous  chon- 

d r i t e  data.  A c t u a l l y  t h i s  choice i n t r o d u c e s  v e r y  l i t t l e  b i a s ,  

s i n c e  w e  s h a l l  be concerned  mainly w i t h  t h e  r e l a t i v e  p o s i t i o n  of 

t h e  p o i n t s ,  which is independen t  of t h e  n o r m a l i z a t i o n  s t a n d a r d  

on a l o g a r i t h m i c  p l o t .  
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E a s i l y  t h e  most s t r i k i n g  f e a t u r e  of t h i s  g raph  is t h e  con- 

s i s t e n t  d i f f e r e n c e  among t h e  three s u b c l a s s e s  of  carbonaceous  

c h o n d r i t e s  (5, 6 ) .  Type I11 i n v a r i a b l y  h a s  t h e  h i g h e s t  d e p l e t i o n  

fac tor ,  fo l lowed  by Types I1 and I.* Moreover, t h e  r e l a t i v e  

d e p l e t i o n  fac tors  are remarkably c o n s t a n t ,  as impl i ed  by t h e  

n e a r l y  c o n s t a n t  s e p a r a t i o n  o f  t h e  c u r v e s ,  Type I1 u s u a l l y  l i e s  

a f a c t o r  o f  2 above Type I; and Type 111, a f a c t a r  of  4 .  T h i s  

r e l a t i o n s h i p  seems t o  be n e a r l y  independent  of t h e  a b s o l u t e  s i z e  

of  t h e  d e p l e t i o n  f a c t o r ;  it h o l d s  e q u a l l y  w e l l  f o r  d e p l e t i o n  

fac tors  of l o 4  - 10 

men t s ) .  

5 ( K r ,  X e ,  H) and  1 - 100 ( t h e  r ema in ing  ele- 

Most s u r p r i s i n g  is t h e  f a c t  t h a t  t h i s  t r e n d  is shared by 

s u c h  a d i v e r s e  group of  e l e m e n t s .  A l l  major  geochemica l  classes 

are r e p r e s e n t e d :  a t m o p h i l e  e lements  (Kr, X e ,  F,  C l ) ,  l i t h o p h i l e  

(Na, K ,  R b ,  C s ) ,  c h a l c o p h i l e  (S, Zn, Cd) and s i d e r o p h i l e  (Ge). 

Why s h o u l d  e l e m e n t s  as d i f f e r e n t  i n  t h e i r  geochemis t ry  as X e ,  R b ,  

F, S, Cd,  Pb, and G e  a l l  be d e p l e t e d  t o  t h e  same r e l a t i v e  degree?** 

Obvious ly ,  c o n v e n t i o n a l  geochemical  c l a s s i f i c a t i o n s  a re  of  

l i t t l e  u s e  i n  e x p l a i n i n g  t h i s  f r a c t i o n a t i o n .  The o n l y  p r o p e r t y  

*The p o i n t s  a t  B i  are t h e  o n l y  e x c e p t i o n  t o  t h i s  r u l e .  But t h e y  

are  based on s i n g l e  measurements on ly  (3), and t h e  a p p a r e n t  i n v e r -  

s i o n  may w e l l  be  due t o  expe r imen ta l  e r r o r .  

**ZXhringer (7) w a s  t h e  f irst  t o  n o t e  t h e  c u r i o u s  f a c t  t h a t  t h e  

heavy n o b l e  g a s e s  f o l l o w  t h e  t r e n d  of  o t h e r  heavy e l e m e n t s .  
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a l l  t h e s e  e l e m e n t s  s h a r e  t o  a greater or lesser d e g r e e  is t h e i r  

v o l a t i l i t y .  Does t h i s  mean t h a t  these e l e m e n t s  were d e p l e t e d  

i n  Types I1 and I11 by r e h e a t i n g ,  or by a c c r e t i o n  a t  h i g h e r  

t e m p e r a t u r e s ?  Most c e r t a i n l y  n o t .  I n  h i s  d i s c u s s i o n  of  t race 

metal v o l a t i l i z a t i o n  from o r d i n a r y  c h o n d r i t e s  and t h e  ea r th ,  

Urey ( 8 ,  9,  10 )  p o i n t e d  ou t  t h a t  a n  e lement  or compound remains  

gaseous  i f  i ts  vapor  p r e s s u r e  exceeds t h e  p r e s s u r e  of t h e  

n e b u l a r  g a s ;  o t h e r w i s e  it condenses .  Accord ing ly ,  a n  a l l -or-  

n o t h i n g  t y p e  of  f r a c t i o n a t i o n  r e s u l t s .  Even s l i g h t  d i f f e r e n c e s  

i n  v o l a t i l i t y  must lead t o  l a r g e  d i f f e r e n c e s  i n  t h e  d e g r e e  o f  

r e t e n t i o n .  Had meteorit ic matter s e p a r a t e d  a t  h i g h  t e m p e r a t u r e s  

from i ts  cosmic complement of  gases ,  t h e  e l e m e n t s  Zn, Se ,  C d ,  

and T e  s h o u l d  have been p r e f e r e n t i a l l y  l o s t ,  by f a c t o r s  compara- 

b l e  t o  t h o s e  of  t h e  n o b l e  gases ( ~ 1 0  ). The da t a  t h e n  a v a i l a b l e  

i n d i c a t e d  l i t t l e  or no d e p l e t i o n  of t h e s e  e l e m e n t s ,  and Urey there- 

7 

fore  concluded  t h a t  me te -o r i t i c  and t e r r e s t r i a l  matter s e p a r a t e d  

f r o m  t h e  n e b d l a  and accreted a t  low t e m p e r a t u r e s ,  where a l l  - 
v o l a t i l e  t race  e l e m e n t s  would be r e t a i n e d .  

U r e y ' s  argument about  t h e  high s e l e c t i v i t y  of v o l a t i l i z a -  

t i o n  p r o c e s s e s  a p p l i e s  w i t h  even  g r e a t e r  force t o  t h e  p r e s e n t  

s i t u a t i o n .  Why s h o u l d  xenon (B.P. = -107"C), hydrocarbons  (B.P. = 

200-5OO0C), cadmium (B.P. Cd = 767'C, CdS w 132OoC), and lead 

(B.P. Pb = 162OoC, PbS = 1280°C) a l l  show t h e  same r e l a t i v e  

d e p l e t i o n s  among Types I ,  11, and III? 

I t  seems t h a t  no model i n v o l v i n g  a common, u n i t a r y  h i s t o r y  

of c h o n d r i t i c  matter can  accoun t  f o r  t h i s  abundance p a t t e r n .  One 
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One is d r i v e n  t o  t h e  assumpt ion  t h a t  c h o n d r i t i c  matter is a 

m i x t u r e  o f  a t  least two k i n d s  of m a t e r i a l  of w i d e l y  d i f f e r e n t  

chemica l  h i s t o r i e s .  The s i m p l e s t  model t h a t  seems c a p a b l e  o f  

a c c o u n t i n g  f o r  t h e  e v i d e n c e  assumes t h a t  ca rbonaceous  c h o n d r i t e s  

are m i x t u r e s , o f  two t y p e s  o f  material:  a n  u n d e p l e t e d  f r a c t i o n  

(= A) c o n t a i n i n g  a l l  t h e  " d e f i c i e n t "  e l e m e n t s ,  and a d e p l e t e d  

f r a c t i o n  (= B) c o n t a i n i n g  none. F r a c t i o n  A may have s e p a r a t e d  

from its cosmic complement of g a s  a t  low t e m p e r a t u r e s  and t h e r e -  

f o r e  r e t a i n e d  its v o l a t i l e s ,  w h i l e  f r a c t i o n  B became s e p a r a t e d *  

from its gases a t  h i g h  t e m p e r a t u r e s  and t h e r e f o r e  l o s t  i ts 

v o l a t i l e s .  I f  Types I1 and I11 c o n t a i n e d  o n l y  1 /2  and 1/4 as  

much of f r a c t i o n  A as Type I ,  t h e n  t h e  un i fo rm d e p l e t i o n  by 

f ac to r s  of =2 and x 4  would be exp la ined .  

Is t h e r e  any e v i d e n c e  t h a t  t h e  ca rbonaceous  c h o n d r i t e s  

c o n s i s t  of two d i s s i m i l a r  f r a c t i o n s ?  Apparen t ly  so.  DuFresne 

and Anders (11)  showed t h a t  t h e  p r o p o r t i o n  of "h igh - t empera tu re  

m i n e r a l s "  ( o l i v i n e ,  pyroxene,  and m e t a l )  decreased d r a s t i c a l l y  

from Types 111 t o  I (F ig .  2 ) .  The observed  amounts o f  t h e s e  

m i n e r a l s  a g r e e  remarkably  w e l l  w i t h  t h e  p o s t u l a t e d  amounts of 

f r a c t i o n  B, namely =3/4, 1/2,  and O.** 

*This  s e p a r a t i o n  need o n l y  be chemica l ,  n o t  n e c e s s a r i l y  a l s o  

p h y s i c a l .  The e s s e n t i a l  p o i n t  is t h a t  t h e  s o l i d s  ceased t o  react 

c h e m i c a l l y  w i t h  t h e  g a s e s  w h i l e  t h e  t e m p e r a t u r e s  s t i l l  were h i g h .  

**DuFresne and Anders s u g g e s t e d  t h a t  t h e  decrease w a s  due t o  pro-  

g r e s s i v e  d e s t r u c t i o n  of these m i n e r a l s  by water s o l u t i o n s .  I now 

b e l i e v e  t h a t  t h i s  p r o c e s s  w a s  o n l y  of  s u b o r d i n a t e  impor tance ,  t h e  

major  p a r t  of t h e  low- tempera ture  m i n e r a l s  b e i n g  of  pr imary  o r i g i n .  



T h i s  cohipbsitiQna,f.; cljrlrelat i o n  is paral le led by a s t rvc-  

t u r a l  one .  Type I11 ca rbonaceous  c h o n d r i t e s  c o n s i s t  l a r g e l y  of 

c h o n d r u l e s ,  w i t h  o n l y  a modest amount of matrix. Type I con- 

sist of m a t r i x  o n l y ,  and Type 11, of rough ly  e q u a l  amounts of  

c h o n d r u l e s  and matrix.  Thus t h e  r e l a t i v e  amounts of m a t r i x  and 

c h o n d r u l e s  agree r a t h e r  w e l l  w i t h  t h e  p o s t u l a t e d  amounts of  

f r a c t i o n s  A and B. 

T e n t a t i v e l y ,  one  can  t h e r e f o r e  i d e n t i f y  f r a c t i o n s  A and 

B w i t h  t h e  m a t r i x  and c h o n d r u l e s ,  c o n s i s t i n g  o f  l o w -  and high-  

t e m p e r a t u r e  m i n e r a l s  r e s p e c t i v e l y .  I t  must be emphasized t h a t  

t h i s  i d e n t i f i c a t i o n  is t e n t a t i v e .  There  is as y e t  no e v i d e n c e  

t h a t  t h e s e  two f r a c t i o n s  d i f f e r  i n  t h e i r  t race e lement  c o n t e n t ,  

as r e q u i r e d  by o u r  model.  

I t  w i l l  be i n s t r u c t i v e  t o  examine t h e  d a t a  f o r  o t h e r  

t y p e s  of c h o n d r i t e s ,  t o  see whether  t h e y  are c o n s i s t e n t  w i t h  o u r  

model. F i g u r e  3 g i v e s  t h e  d e p l e t i o n  f a c t o r s  f o r  o r d i n a r y  and 

e n s t a t i t e  c h o n d r i t e s .  For  comparison, t h e  data on carbonaceous  

c h o n d r i t e s  are a l so  shown. 

Ord ina ry  C h o n d r i t e s .  Of t h e  t h i r t e e n  d e f i c i e n t  e l e m e n t s  

between F and B i ,  n i n e  (F ,  S,  C 1 ,  Zn, G e ,  Cd, Te, I ,  and Hg) 

show d e p l e t i o n  f ac to r s  of 3 - 12.  The h i g h e s t  th ree  v a l u e s  are 

a s s o c i a t e d  w i t h  t h e  more v o l a t i l e  of t h e s e  e l emen t s :  C d ,  H g ,  

and I ( e . g . ,  B.P. C a 1 2  = 718"C),  but t h e  r e m a i n i n g  o n e s  a g a i n  

show t h e  s u r p r i s i n g  sameness  w e  encountered  i n  t h e  Type I1 and 

111 ca rbonaceous  c h o n d r i t e s .  N e v e r t h e l e s s ,  c e r t a i n  i m p o r t a n t  

d i f f e r e n c e s  are e v i d e n t .  
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(1)  The a l k a l i  e l e m e n t s  are  not  d e p l e t e d .  

(2)  T h e r e  a p p e a r s  t o  be some excess d e p l e t i o n  of Cd, Hg, and 

I ,  p a r t i c u l a r l y  i f  t h e  abundances are compared w i t h  

t h o s e  i n  Type I carbonaceous c h o n d r i t e s ,  r a t h e r  t h a n  

w i t h  t h e  cosmic abundance c u r v e .  Xenon, though n o t  

p l o t t e d ,  a l so  seems t o  f i t  t h i s  t r e n d .  

(3) I n ,  T1,  Pb, and B i  are d e p l e t e d  by s t i l l  larger fac tors .  

I n  view of these e x c e p t i o n s ,  one might be tempted t o  d i s -  

card t h e  model a l t o g e t h e r .  But t h e n  one is faced w i t h  t h e  problem 

of e x p l a i n i n g  t h e  c o n s t a n c y  of  t h e  d e p l e t i o n  f a c t o r s  of F, S, C 1 ,  

Zn, e t c . ,  and t h u s  one is l e d  r i g h t  back t o  a two-component model. 

P e r h a p s  t h e  best approach  is t o  r e t a i n  t h e  model, and augment it 

by s u c h  ad hoc a s sumpt ions  as are needed t o  accoun t  f o r  t h e  excep- 

t i o n s .  I f  t h e  model has  any r e a l i t y  t o  i t ,  these "excep t ions"  

may a c t u a l l y  p r o v i d e  c l u e s  t o  t h e  f o r m a t i o n  (or a c c r e t i o n )  condi -  

t i o n s  of t h e  s e v e r a l  c h o n d r i t e  classes. A f t e r  a l l ,  w e  have no 

a s s u r a n c e  t h a t  a l l  classes of  m e t e o r i t e s  formed unde r  e x a c t l y  

i d e n t i c a l  c o n d i t i o n s .  

-- 

The non-dep le t ion  of  a l k a l i  metals r e q u i r e s  t h a t  f r a c t i o n  

B of o r d i n a r y  c h o n d r i t e s  condensed a t  s u f f i c i e n t l y  l o w  t e m p e r a t u r e s  

and h i g h  p r e s s u r e s  t o  p r e v e n t  v o l a t i l i z a t i o n  of a l k a l i s .  The pre- 

f e r e n t i a l  d e p l e t i o n  of C d ,  Hg, I ( and Xe) means ei ther t h a t  these 

e l e m e n t s  were p a r t i a l l y  l o s t  d u r i n g  metamorphism, or t h a t  f rac-  

t i o n  A i n  o r d i n a r y  c h o n d r i t e s  is of compos i t e  n a t u r e .  (One p a r t  

must have  l o s t  i ts  gases a t  l o w  enough t e m p e r a t u r e s  t o  r e t a i n  

these e l e m e n t s ,  w h i l e  a n o t h e r ,  major pa r t  must have condensed 
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at h i g h e r  t e m p e r a t u r e s  where t h e y  were l o s t . )  The d e p l e t i o n  of 

I n ,  T1, Pb,  and B i  is a mys te ry .  Except f o r  o r g a n o - m e t a l l i c  

compounds, no o u t s t a n d i n g l y  v o l a t i l e  compounds o f  these ele- 

ments  are  known. T h e i r  d e p l e t i o n  p o i n t s  t o  some un ique  circum- 

s t a n c e  i n  t h e  f o r m a t i o n  of o r d i n a r y  c h o n d r i t e s ,  b u t  it is n o t  

obv ious  what t h i s  c i r c u m s t a n c e  was. 

E n s t a t i t e  C h o n d r i t e s .  For  t h e  pu rposes  of t h i s  p a p e r ,  

t h e s e  meteorites have been d i v i d e d  i n t o  t w o  s u b c l a s s e s .  Type I 

i n c l u d e s  I n d a r c h ,  Abee, and S t .  Sauveur .  Type I1 i n c l u d e s  t h e  

r ema in ing  m e m b e r s  of t h i s  c lass .  (A s imi la r  c l a s s i f i c a t i o n  was 

proposed  by Yavnel '  s e v e r a l  y e a r s  ago) .  Type I shows o n l y  a 

s l i g h t  d e p l e t i o n  r e l a t i v e  t o  carbonaceous  c h o n d r i t e s  of Type I ,  

e x c e p t  fo r  Hg. Type I1 is more s t r o n g l y  d e p l e t e d ,  however. For 

S ,  C 1 ,  G e ,  Te,  and I t h e  d e p l e t i o n  f a c t o r s  are  1 .5  - 4 t i m e s  

h i g h e r  t h a n  t h o s e  of t h e  Type I e n s t a t i t e  c h o n d r i t e s .  I n  terms 

of o u r  model ,  t h i s  merely i m p l i e s  t h a t  t h e y  c o n t a i n  a smaller  

amount of f r a c t i o n  A.  The s e l e c t i v e  d e p l e t i o n  o f  Zn and Cd 

p r o b a b l y  c a l l s  for t h e  same e x p l a n a t i o n  t h a t  was invoked i n  t h e  

case of t h e  o r d i n a r y  c h o n d r i t e s .  

I r o n  Meteorites. A v i r t u e  of t h i s  model is t h a t  i t  c a n  

a l so  accoun t  f o r  t h e  r emarkab le  G a  and G e  g roups  of Goldberg 

e t  a1 (12)  and Lover ing  e t  a1 (13). F i g u r e s  1 and 3 show t h a t  

G e  is a d e p l e t e d  e lement  which ,  a c c o r d i n g  t o  o u r  model,  is 

b rough t  i n  by f r a c t i o n  A. T h e  d a t a  f o r  G a  are  i n c o m p l e t e ,  b u t  

s i n c e  t h e  G a  abundance i n  o r d i n a r y  c h o n d r i t e s  is a f a c t o r  Of 3.3 

lower t h a n  i t s  i n t e r p o l a t e d  cosmic abundance [39; r e f .  (411, G a  
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is probab ly  a l so  a d e p l e t e d  element  which is brough t  i n  by 

f r a c t i o n  A .  Now, b o t h  G a  and G e  are known t o  be s t r o n g l y  

s i d e r o p h i l e  i n  m e t e o r i t e s ,  and it t h e r e f o r e  seems l i k e l y  t h a t  

i r o n  meteorites have r e t a i n e d  t h e  major p a r t  o f  t h e  G a  and G e  

t h a t  w a s  o r i g i n a l l y  p r e s e n t  i n  the i r  p a r e n t  s u b s t a n c e .  But ,  

i n  terms of o u r  model,  t h e  G a  and G e  c o n t e n t  o f  t h e i r  p a r e n t  

s u b s t a n c e  w a s  de t e rmined  e n t i r e l y  by t h e  p r o p o r t i o n  of f r a c t i o n  

A .  Hence t h e  p r e s e n t  G a  and G e  c o n t e n t  of  a n  i r o n  m e t e o r i t e  

s h o u l d  be a r e l i a b l e  and charac te r i s t ic  measure of  t h e  propor-  

t i o n  o f  f r a c t i o n  A i n  t h e i r  p a r e n t  s u b s t a n c e .  

T h e  g a l l i u m  c o n t e n t s  o f  a l l  meteorites ana lyzed  by 

Goldberg e t  a1 and Lover ing  e t  a1 a r e  shown i n  F i g u r e  4 .  I n  

comparing meteorites of  d i f f e r e n t  N i  c o n t e n t ,  i t  is w e l l  t o  

remember t h a t  G a  and N i  are b o t h  s i d e r o p h i l e .  M e t e o r i t e s  

d e r i v e d  from mater ia l  of t h e  same G a  c o n t e n t  w i l l  t h e r e f o r e  have 

a c o n s t a n t  G a / N i  r a t i o ,  regardless of what  f r a c t i o n  of i r o n  has 

been removed as t r o i l i t e  or s i l i c a t e .  One s u c h  c u r v e  of c o n s t a n t  

G a / N i  r a t i o  is shown a t  t h e  t o p  of F i g u r e  4 .  T h i s  p a r t i c u l a r  

c u r v e  c o r r e s p o n d s  t o  t h e  cosmic Ga/Ni r a t i o  a c c o r d i n g  t o  Cameron 

( 4 ) .  Other  c u r v e s  o f  c o n s t a n t  G a / N i  r a t i o  must r u n  p a r a l l e l  t o  

i t .  

E v i d e n t l y  Groups I and 1.1 f a l l  q u i t e  c l o s e  t o  t h e  "cosmic" 

G a / N i  l i n e .  I f  w e  t r u s t  t h e  cosmic G a / N i  r a t i o ,  w e  c a n  conc lude  

t h a t  t h e s e  meteorites are d e r i v e d  from material c o n s i s t i n g  

l a r g e l y ,  i . e .  t o  ~ 7 0  - loo%, of f r a c t i o n  A .  Groups I11 and IV 

would s e e m  t o  c o r r e s p o n d  t o  abou t  20% and 2% o f  f r a c t i o n  A .  The 
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first t w o  g roups  t h u s  match t h e  carbonaceous  and e n s t a t i t e  chon- 

d r i t e s  of  Types I ,  w h i l e  Group I11 matches t h e  o r d i n a r y  chon- 

dr i tes .  While t h i s  c o r r e l a t i o n  is n o t  s p e c i f i c  enough t o  p rove  

a g e n e t i c  l i n k ,  it is i n  p a r t i a l  agreement w i t h  t h e  r e l a t i o n s h i p s  

deduced ear l ier  by Yavnel '  ( 6 ) .  I n  terms o f  o u r  model ,  e a c h  

f a m i l y  of  m e t e o r i t e s  c h a r a c t e r i z e d  by a p a r t i c u l a r  d e p l e t i o n  

f a c t o r  f o r  G a ,  G e ,  and o t h e r  e l e m e n t s  is d e r i v e d  from a s e p a r a t e  

b a t c h  o f  p r i m i t i v e  matter, p e r h a p s  a s e p a r a t e  p a r e n t  body. 

I t  is of some i n t e r e s t  t o  see which  o f  t h e  e x i s t i n g  

t h e o r i e s  on t h e  o r i g i n  o f  m e t e o r i t e s  e x p l i c i t l y  p r o v i d e  for t h e  

p r i n c i p a l  f e a t u r e  of  t h i s  model: a d u a l  o r i g i n  of m e t e o r i t i c  

matter. Apparen t ly  o n l y  Wood's t h e o r y  c o n t a i n s  t h i s  f e a t u r e .  

Wood (14 ,  15, 16 ,  17) p r o p o s e s  t ha t  a l l  m e t e o r i t i c  matter passed  

t h r o u g h  a h igh - t empera tu re ,  h igh -p res su re  s t a g e  v e r y  e a r l y  i n  its 

h i s t o r y ,  w h i l e  i t  w a s  s t i l l  d i s p e r s e d  i n  t h e  p r o t o s u n  or s o l a r  

n e b u l a .  On c o o l i n g ,  one p a r t  o f  t h e  material  pas sed  t h r o u g h  t h e  

l i q u i d  f i e l d  o f  t h e  phase  diagram and condensed t o  m i l l i m e t e r -  

s i zed  d r o p l e t s  of  s i l i c a t e  (= c h o n d r u l e s )  and metal. Owing t o  

t h e i r  s m a l l  s p e c i f i c  s u r f a c e ,  t h e s e  p a r t i c l e s  would be c h e m i c a l l y  

i so la ted  from t h e  c o o l i n g  gas,  even i f  t h e  p h y s i c a l  s e p a r a t i o n  

f r o m  t h e  gas d i d  n o t  happen u n t i l  l a t e r .  Another  p a r t  o f  t h e  

material  m i s s e d  t h e  l i q u i d  f i e l d  and condensed d i r e c t l y  from 

vapor  t o  s o l i d ,  presumably i n  t h e  form of a f i n e  smoke, which 

l a t e r  became t h e  m a t r i x  of c h o n d r i t e s .  These p a r t i c l e s ,  b e i n g  

less t h a n  a micron i n  s i ze  ( 1 6 ) ,  would have a much l a r g e r  s p e c i f i c  

s u r f a c e  t h a n  t h e  c h o n d r u l e s  and metal p a r t i c l e s .  They would 
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t h e r e f o r e  remain i n  e q u i l i b r i u m  w i t h  t h e  gas phase  down t o  r a t h e r  

low t e m p e r a t u r e s  where v o l a t i l e s  could be adso rbed ,  and where 

metal l ic  i r o n  would r e v e r t  

Fe + H2S = FeS + H2 

3Fe + 4H20 = Fe304 + 

I n  a gas phase  w i t h  cosmic 

t o  FeS and Fe 0 3 4 :  

4H2 

r a t i o s  of H2/H2S and H2/H20, t h e  

f i r s t  r e a c t i o n  goes  from l e f t  t o  r i g h t  below 600°K, and t h e  second ,  

below 390'K (8) .  

Wood's mechanism t h u s  produces two f r a c t i o n s  t h a t  c l o s e l y  

c o r r e s p o n d  t o  o u r  f r a c t i o n s  A and B. Two s l i g h t  d i f f e r e n c e s  

remain .  Wood r e q u i r e s  t h a t  h i s  chondrules -p lus-meta l  f r a c t i o n  

passed  th rough  t h e  l i q u i d  f i e l d ,  w h e r e a s  o u r  d e f i n i t i o n  of  frac- 

t i o n  B mere ly  r e q u i r e s  t h a t  i t  became s e p a r a t e d  from i ts  g a s e s  

a t  h i g h  t e m p e r a t u r e s .  Our d e f i n i t i o n  t h u s  i n c l u d e s  a n g u l a r  and 

f i n e - g r a i n e d  material  t h a t  d i d  n o t  p a s s  t h r o u g h  t h e  l i q u i d  f i e l d .  

The p r o p o r t i o n  of  f r a c t i o n  B i n  a g iven  c h o n d r i t e  may t h e r e f o r e  

be  l a r g e r  t h a n  t h e  p r o p o r t i o n  of chondru le s  and metal g r a i n s .  

Another  d i f f e r e n c e  e x i s t s  between f r a c t i o n  A and t h e  m a t r i x .  

Wood's d e f i n i t i o n  s t a t e s  t h a t  t h e  m a t r i x ,  l i k e  our f r a c t i o n  A ,  

became s e p a r a t e d  from i ts  gases a t  l o w  t e m p e r a t u r e s ,  bu t  imposes 

t h e  a d d i t i o n a l  r equ i r emen t  t h a t  i t  w a s  p r e v i o u s l y  h e a t e d  t o  

h i g h  t e m p e r a t u r e s  and v a p o r i z e d .  A c t u a l l y  t h e  r e t e n t i o n  of 

v o l a t i l e s  i n  cosmic p r o p o r t i o n s  would be easier t o  unde r s t and  

i f  f r a c t i o n  A were t h e  p r i m o r d i a l  d u s t  i t s e l f ,  ra ther  t h a n  a 

v a p o r i z e d  and recondensed  d e r i v a t i v e  o f  i t .  But t h i s  is n o t  a n  

u n b r i d g e a b l e  d i f f e r e n c e .  I n  t h e  l a t e s t  v e r s i o n  of  Wood's t h e o r y ,  
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t h e  h i g h  t e m p e r a t u r e s  and p r e s s u r e s  are produced i n  t h e  n e b u l a  

on a p u r e l y  l o c a l  sca le ,  by shock  waves a s s o c i a t e d  w i t h  g i a n t  

f l a r e s  of  t h e  e a r l y  sun .  Now, i f  t h i s  c o n d e n s a t i o n  p r o c e s s  

happens o n l y  l o c a l l y ,  one may expec t  w i d e  c o m p o s i t i o n a l  v a r i a -  

t i o n s  i n  t h e  nebu la .  Some r e g i o n s  may c o n s i s t  main ly  of  

u n a l t e r e d  p r i m o r d i a l  d u s t ;  o t h e r s ,  of reheated and recondensed  

m a t e r i a l ;  s t i l l  o t h e r s ,  o f  m i x t u r e s  of b o t h ,  or of s l i g h t l y  

reheated p r i m o r d i a l  d u s t .  C e r t a i n l y  t h e  v a r i a t i o n s  i n  t h e  

c o n d e n s a t i o n  c o n d i t i o n s  of  f r a c t i o n s  A and B i n  v a r i o u s  mete- 

o r i t e  classes are e n t i r e l y  c o n s i s t e n t  w i t h  t h e  r a n g e  of  v a r i a -  

t i o n s  e x p e c t e d  i n  Wood's model.  If  a c c r e t i o n  w a s  r a p i d ,  s u c h  

d i f f e r e n c e s  would p e r s i s t  i n  t h e  i n d i v i d u a l  m e t e o r i t e  p a r e n t  

b o d i e s .  

I f  t h i s  model is c o r r e c t ,  t hen  t h e  mater ia l  of  t h e  

a c h o n d r i t e s ,  t h e  ear th ,  and t h e  o t h e r  p l a n e t s  may have been 

f r a c t i o n a t e d  by  t h e  same mechanism. Gast  (18) and more r e c e n t l y  

Wasserburg e t  a1 (19)  have proposed t h a t  t h e  ear th  has a lower  

a l k a l i  c o n t e n t  t h a n  do t h e  o r d i n a r y  c h o n d r i t e s .  Inasmuch as 

f r a c t i o n  B of  t h e  carbonaceous  c h o n d r i t e s  shows e v i d e n c e  of 

a l k a l i  metal d e p l e t i o n  by v o l a t i l i z a t i o n ,  there is no r e a s o n  

why t h e  ea r th  s h o u l d  n o t  have l o s t  some of  i t s  a l k a l i s  i n  t h e  

same manner, i f  i t ,  t o o ,  accreted from two t y p e s  of  "pr imordia l"  

matter. I n  f a c t ,  if t h e  above model is v a l i d ,  one  s h o u l d  be 

able t o  r e c o n s t r u c t  t h e  f o r m a t i o n  c o n d i t i o n s  of  t h e  e a r t h  from 

t h e  abundances o f  t h e  30-odd d e p l e t a b l e  e l e m e n t s  i n  F i g u r e  1. 

S i m i l a r l y ,  t h e  l o w  a l k a l i  c o n t e n t  of t h e  c a l c i u m - r i c h  achon- 
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d r i t e s ,  which has been t h e  s u b j e c t  of much s p e c u l a t i o n ,  may a l so  

be a n  e a r l y  f e a t u r e ,  r e f l e c t i n g  a c c r e t i o n  from a s t r o n g l y - h e a t e d ,  

a l k a l i - p o o r  f r a c t i o n  B. I t  would be a n  i n t e r e s t i n g  and p e r h a p s  

n o t e  e n t i r e l y  p o i n t l e s s  exercise  t o  r e c o n s t r u c t  g e n e t i c  rela- 

t i o n s h i p s  among meteorites on t h e  b a s i s  of t race  e lement  c o n t e n t .  

SUMMARY 

1. I t  is n o t  poss ib l e  t o  f i n d  a s i n g l e  set of chemical 

and p h y s i c a l  c o n d i t i o n s  t h a t  is c o n s i s t e n t  w i t h  t h e  abundance 

p a t t e r n  i n  c h o n d r i t e s .  I n s t e a d ,  i t  must be assumed t h a t  mete- 

o r i t i c  matter is d e r i v e d  from a t  l ea s t  t w o  materials of con- 

t r a s t i n g  chemical h i s t o r y .  T h i s  c o n c l u s i o n  is f i r m .  

2 .  The s i m p l e s t  model t h a t  a c c o u n t s  f o r  t h e  p r e s e n t  d a t a  

assumes t h a t  t h e  meteorites (and p l a n e t s )  are  a b l end  of t w o  

t y p e s  of material: a n  undep le t ed  f r a c t i o n  A r i c h  i n  v o l a t i l e s ,  

and a d e p l e t e d  f r a c t i o n  B from which t h e  v o l a t i l e s  were l o s t .  

The f i r s t  a p p a r e n t l y  became separated from i ts  cosmic complement 

of g a s  a t  a l o w  t e m p e r a t u r e ,  and t h e  s e c o n d ,  a t  a h i g h  tempera- 

t u r e .  

3. T e n t a t i v e l y ,  one  can  i d e n t i f y  f r a c t i o n s  A and B w i t h  

low- tempera ture  and h igh - t empera tu re  m i n e r a l s  i n  p r i m i t i v e ,  

unmetamorphosed c h o n d r i t e s .  They a l so  co r re spond  rough ly  t o  t h e  

ma t r ix  and chondrules -p lus-meta l  f r a c t i o n s .  

4 .  Wood's t h e o r y  (17)  w i t h  a f e w  minor m o d i f i c a t i o n s ,  pro- 

v i d e s  a ra ther  s a t i s f a c t o r y  framework f o r  t h e  o r i g i n  of f r a c t i o n s  

A and B. F r a c t i o n  A is u n r e h e a t e d  or s l i g h t l y  reheated primor-  
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dial dust, while fraction B is primordial dust that was vaporized 

and recondensed during passage of a shock wave through the solar 
* 

nebula, and became chemically isolated from its gases at high 

temperatures. 
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. FIGURE CAPTIONS 

F i g u r e  1. Abundances of v a r i o u s  d e p l e t e d  e l e m e n t s  i n  ca rbonaceous  

c h o n d r i t e s .  R e l a t i v e  t o  Type I carbonaceous  c h o n d r i t e s ,  Types 

I1 and I11 u s u a l l y  show d e p l e t i o n s  by n e a r l y  c o n s t a n t  f a c t o r s  of 

e 2  and =4 r e s p e c t i v e l y .  Th i s  c o r r e l a t i o n  h o l d s  f o r  e l e m e n t s  as 

d i s s i m i l a r  as X e ,  N a ,  S, F, Cd, and G e .  The d a t a  were t a k e n  

from t h e  f o l l o w i n g  s o u r c e s :  Kr, X e ,  Z s h r i n g e r  ( 7 ) ;  H, C ,  N ,  N a ,  

K ,  0, S, Cu, Mason ( 2 0 ) ;  C s ,  Smales et  a1 (21); C 1 ,  Zn, G e ,  

Greenland ( 2 2 ) ,  Nishimura and S a n d e l l  ( 2 3 ) ,  Nishimura and Nasu 

(241, Shima ( 2 5 ) ;  T e ,  I ,  Goles  and Anders ( 2 6 ) ;  F, Reed (271, 

F i s h e r  ( 2 8 ) ;  Cd, Schmi t t  e t  a1 (29 ) ;  Hg, T1,  B i ,  Pb, Reed e t  a1 

( 3 ) ;  Sn, Shima (25 ) .  

F i g u r e  2.  Approximate m i n e r a l o g i c a l  compos i t ion  of ca rbonaceous  

c h o n d r i t e s .  The p r o p o r t i o n  of low- tempera ture  m i n e r a l s  d e c r e a s e s  

from Type I t o  Type 111. [Based on t h e  d a t a  of DuFresne and 

Anders (11)  1. 

F i g u r e  3. Abundances of  d e p l e t e d  e l emen t s  i n  v a r i o u s  t y p e s  o f  

c h o n d r i t e s .  The cor re la t ion  f o r  o r d i n a r y  and e n s t a t i t e  chon- 

d r i t e s  is less p e r f e c t  t h a n  t h a t  f o r  carbonaceous  c h o n d r i t e s ,  

bu t  a g a i n  t h e r e  is a marked tendency f o r  t h e  c u r v e s  t o  r u n  

p a r a l l e l  o v e r  ex tended  s t r e t c h e s .  The d a t a  were t a k e n  from t h e  

same s o u r c e s  as i n  F i g u r e  1, and t h e  f o l l o w i n g  a d d i t i o n a l  ones :  

N ,  KUnig et  a l ,  ( 3 0 ) ;  I n ,  Schindewol and Wahlgren ( 3 1 ) ;  Hg, T1 ,  

Pb, B i ,  Ehmann and Huizenga ( 3 2 ) ;  major e l e m e n t s ,  Urey and 

C r a i g  ( 3 3 ) .  
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m Figure  4 .  Gallium groups of i r o n s  and s t o n y  i r o n s .  Adapted from 

Goldberg et  a1 (12) and Lovering et a1 (13) .  The curve  i n  t h e  

upper  l e f t -hand  c o r n e r  cor responds  t o  t h e  cosmic G a / N i  r a t i o  

( 4 ) .  A l l  meteorites de r ived  from material of t h e  same G a  con- 

t e n t  should  l i e  on a l i n e  p a r a l l e l  t o  t h e  "cosmic" cu rve .  Most 

meteorites i n  Groups I and I1 l i e  c l o s e  t o  t h e  "cosmic" cu rve ,  

bu t  t h e  o the r  two groups a re  s t r o n g l y  d e p l e t e d .  
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